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Abstract

The construction of molecular photogears that can achieve through-space transmission of the unidirectional
double-bond rotary motion of light-driven molecular motors onto a single-bond axis is a formidable challenge in
the field of artificial molecular machines. Here, we present a new design of such photogears that is based on the
possibility to use stereogenic substituents to control both the relative stabilities of the two helical forms of the
photogear and the double-bond photoisomerization that connects them. The potential of the design is verified
by quantum-chemical modeling through which photogearing is found to be a favorable process compared to
free-standing single-bond rotation (“slippage”). Overall, our study unveils a surprisingly simple approach to
realizing unidirectional photogearing.
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Following the pioneering work by the 2016 Chemistry Nobel Prize Laureates Sauvage,® Stoddart? and Feringa,® a
major challenge in exploiting artificial molecular machines**! for useful functions is realizing controllable
transmission of molecular motion within such entities.!?%® |n this paper, we demonstrate and explain how a
carefully designed molecular photogear is able to transmit, through space and with control of directionality, the
rotary motion of a light-driven molecular motor around a double bond into a rotation of a passive receiver unit
around a single bond.

17—

Although efforts to develop molecular gears have been ongoing for more than 40 years,'’3° few of the designs

put forth to date are powered by an external energy source. Rather, most designs rely on passive, thermal
activation and cannot enforce a preferred direction of motion, because of random thermal fluctuations (Brownian

motion). Hence, they cannot perform mechanical work.* One possible solution to this problem is to exploit

12,13

molecular motors with the ability to convert the energy from an external source into directed motion, such

as light-driven rotary motors.313*

As for actual transmission of photoinduced rotary motor motion to a remote bond axis, notable steps have been

1416 ysing hemithioindigo (HTI)-based motors.>>8 For example, in 2020, these

taken by Dube and coworkers,
authors realized this goal by introducing a chain linkage between the rotating moieties (see Figure 1).%> As for
transmitting such motion through space (without a chain linkage), the hallmark of true molecular gearing,*® the
Dube group later (in 2022) managed to induce a 120° C-C rotation of a triptycene motif from the 180° C=C

).16

rotation (photoisomerization) of a HTI motor (see Figure 1).*® However, no control of the direction of the rotations

could be exerted, likely because of the absence of a chiral element.

Dube 2020 Dube 2022

Figure 1. Molecular-motor complexes designed by the Dube group.'>®

Following this brief overview, the aim of the present work is to identify the key structural requirements for
achieving through-space transmission of the double-bond rotary motion of a light-driven molecular motor onto
a single-bond axis in a molecular photogear, with full control of directionality. To this end, we use a computational
approach (see Supporting Information (SI), Section 1), which is fitting both because experimental efforts are yet
to reveal these requirements, and because of the many insights that quantum-chemical modeling has provided

for the design of efficient light-driven molecular motors and related molecular devices.3%®
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The model photogear that we have designed is shown in Figure 2. Henceforth, the moiety that undergoes a
photoinduced double-bond rotation is denoted as “rotor”, the single-bond rotating fragment as “propeller”, and
the linking fragment as “stator”. Furthermore, the two dihedral angles used to measure the rotations of the rotor
and propeller relative to the stator are denoted ¢rs and o¢ps, respectively. Notably, the model photogear draws
upon previous work by combining a 1,8-diazafluorene rotor (fluorene is a motif in potent light-driven
overcrowded-alkene motors*®) with a propeller obtained by replacing the phenyl groups in Dube’s 2022
triptycene motif!® (see Figure 1) with Me-substituted imidazole-like rings. While the Me groups preserve the Cs
symmetry of the propeller, they also introduce the chiral asymmetry needed for the photogear to function, as
will be shown below. Another difference between the current and Dube’s 2022 designs lies in the parallel (a so-
called spur gear®®) and intersecting (bevel gear®) directions of the two rotation axes, respectively.

Figure 2. The model photogear designed in this work, shown in its M helical form and with the rotor, propeller and stator
parts blue-, red- and black-colored, respectively. These color codes are used throughout the paper. The rotor-propeller
distance is measured between the dotted C atoms.

Because of its C;y symmetry, a 180° rotation of the rotor through a C=C photoisomerization and a subsequent
thermal helix inversion (THI) produces an identical structure. Thus, the core molecular-motor function of the
photogear is based on a two-stroke mechanism. This holds true regardless of any propeller rotation, as the
propeller is C3 symmetric. Hence, only two potential-energy minima are possible for the photogear, exhibiting
either M or P helicity. Using density functional theory (DFT), the optimized geometries of these structures are
shown in Figure 3, alongside their ¢rs and o¢ps values.

M helix (0.0)
b, =-13° ¢, =+24° b, =-1° ¢, =+157°

Figure 3. Optimized geometries of the photogear helices, with H atoms omitted for clarity and their relative electronic
energies given in parentheses (kcal mol™).

Given that the rotor-propeller distance (see Figure 2) has proven to be a key parameter for the design of
thermally-driven molecular gears featuring triptycene propellers,?*?”?° it is notable that these distances in the
optimized M and P helices (6.80 and 6.81 A, respectively) are very close to those (6.79 and 6.80 A) obtained from
molecular dynamics (MD) simulations®® with the semiempirical PM6 method>! (see SI, Section 2). While such
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distances are markedly shorter than those deemed optimal for thermal gearing,?? for photogears this is
advantageous in that it allows the rigidity of the rotor-stator double bond to disfavor an undesirable, free-
standing single-bond rotation of the propeller — so-called propeller “slippage” (see SI, Section 3).

Based on the M and P helices, DFT calculations were then carried out to explore the photochemical (in the S;
excited state) and thermal (in the So ground state) reactions governing possible gearing and slippage processes.
The results are presented in Figure 4, which shows key points on the corresponding potential energy surfaces
(PESs): minima, transition states (TSs) and one conical intersection (Cl). Because of the aforementioned
symmetries, each of the four corners in Figure 4, indicated with purple circles, represent the more stable (by 1.8
kcal mol™) M helix. Starting from the bottom-left corner, the pathways to reach the other corners correspond to
three distinct processes: propeller slippage (top-left), rotor slippage (bottom-right) and gearing (top-right).

140 -
120 -
. M helix
100 4
E @ Minimum
< 80 - : @T1s X
£ 60 A
40 4
20 4
J kT - 0.0

-7 1.8 '

01 ©00(67.9) Jgou S )2

30 60 90 120 150 180
Adpgs (°)

Figure 4. Key points on the So and S; PESs of the photogear, with relative electronic energies given in bold font (kcal mol™).
Thermal/photochemical processes are indicated with solid/dashed arrows. Gibbs free energies of the So structures are
provided in Figure S2 (see Sl, Section 3).

For propeller slippage, the calculations yield a small barrier of 6.4 kcal mol™. Although this is not ideal from the
viewpoint of gearing, it does not prevent gearing, provided that the photoisomerization of the M helix into the P
helix is also a facile process. Pleasingly, this appears to be the case. Specifically, the calculations predict that
population of the bright S; state of the M helix, which has a vertical energy of 67.9 kcal mol™, by an excitation
localized at the rotor-stator double bond (see Sl, Section 4) allows the rotor to undergo a completely barrierless
rotation. Moreover, from a 67° rotation, the system is able to reach a much lower-lying (by 67.9 —43.7 = 24.2 kcal
mol™) S1/So Cl close to ¢rs = 90° (drs = 24 + 67 = 91°), which enables both formation of the P helix and a back-
reaction to the M helix upon internal conversion (IC) to the S state.

If the P helix is formed, then three further reaction pathways can be envisioned. In one, propeller slippage occurs
with a barrier of 12.2 kcal mol™, almost twice that of the same process for the M helix. Thus, the rotor is a better
“brake” for the propeller in the P helix than in the M helix (see S, Section 3). In a second pathway, a THI and
concurrent rotor slippage would produce the M helix. However, from the calculations, this pathway is
energetically inaccessible, as indicated with a yellow-red cross in Figure 4. Instead, the M helix can be formed in
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a third pathway if the THI involves proper gearing — that is, propeller rotation induced by rotor rotation —in place
of rotor slippage. In fact, with a barrier of only 9.4 kcal mol™, this is the preferred pathway for the P helix.
Accordingly, combined with the facts that (a) this pathway closes the M — P — M reaction cycle, (b) the rotor
rotation has the same direction as during the M — P photoisomerization (toward increasing ¢rs values), and (c)
the rotor rotation controls the direction of the propeller rotation (toward increasing o¢ps values), this means that
the overall mechanism in Figure 4 is indeed that of a functional molecular photogear.

As seen in Figure 4, the gearing is asynchronous in that the propeller rotation lags behind the rotor rotation. This
is shown in greater detail in Section 3 of the SI, which also includes a brief discussion of the so-called gearing
fidelity.?° Given that the gearing is thermal but occurs as a direct result of the photoisomerization of the M helix
into the less stable P helix, it is desirable to understand how the So dynamics following IC at the S1/So Cl can be
made to favor formation of the P helix over back-reaction to the M helix. In the absence of any chiral elements,
one would expect these two outcomes to be equally probable. However, the present photogear does contain
chiral elements in the propeller Me groups and the stator OH group, and the idea with the former is that they
might favor the desired outcome by introducing steric repulsion between the rotor and the closest Me at the Cl.
To evaluate this idea, 100 MD trajectories from the Cl were simulated at the PM6 level, following benchmarking
relative to DFT (see S, Section 5). Encouragingly, from the 61:39 P:M formation ratio observed among these
trajectories in Figure 5, the strategy appears to have been successful.
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Figure 5. Changes in the ¢gs dihedral angle along 100 MD trajectories starting from the S:/So Cl of the photogear, with
trajectories in green/purple font forming the P/M helix.

To further elucidate how the propeller Me groups and the stator OH group contribute to the function of the
photogear, DFT calculations and PM6 MD simulations were also performed using two simplified models, each
lacking one of these components (see Sl, Section 6). From these investigations, a number of key results emerge.
First, regarding the stabilization of the M helix over the P helix, this is due to the OH group, as its removal leads
to the P helix being preferred and removal of the Me groups increases the relative stability of the M helix.

Second, regarding the M — P photoisomerization, simulations of the IC-induced So dynamics in the system lacking
the Me groups provide further evidence that these are indeed responsible for the 61:39 P:M formation ratio
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achieved by the full photogear, as without them, all trajectories return to the M helix (see Sl, Section 6). Moreover,
from analogous simulations of the system lacking the OH group, this group is actually seen to have a negative
effect on the P formation, with the P:M ratio increasing from 61:39 to 90:10 upon its removal. Yet, the OH is still
a critical component, as without it, the P helix is also the most stable one. Thus, without the OH, the system
would predominantly populate the P helix and have less propensity to undergo the full M — P — M reaction
cycle needed for gearing. Altogether, these findings are summarized in a qualitative fashion in Figure 6, which
helps illustrate how the full photogear derives its unique function from a combination of kinetic and
thermodynamic effects attributable to the propeller Me and stator OH groups, respectively.

Full
hv
A
M
No Me,
hv
A
M
No OHq
hv
A
M

Figure 6. Schematic representation of the So and S; PESs of the full photogear (top), upon removal of the propeller Me
groups (middle), and upon removal of the stator OH group (bottom). In each case, the pathway highlighted in pink font is
the preferred one. The results underlying these representations are given in Section 6 of the SI.

Having verified the potential of this new way of realizing through-space transmission of unidirectional rotary
motion in a molecular photogear, our future efforts will be aimed at carrying out extensive computational
screening of stator-rotor-propeller core structures and stereogenic substituents offering optimal photogearing
within this framework in terms of the relative stabilities of the two helices, the photoisomerization efficiency,
and the dominance over propeller slippage. In light of the enormous challenge to make progress on the design
of functional molecular photogears by experimental studies alone, this appears to us a valuable endeavor.
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